Background: Accumulation of the plant hormone jasmonoyl-L-isoleucine (JA-Ile) is tightly controlled to prevent overactivation of defense responses. Results: Cytochrome P450 94s (CYP94s) with distinct tissue expression patterns localize to ER and oxidize JA-Ile to a dicarboxy derivative that fails to assemble JA-Ile co-receptor complexes. Conclusion: Sequential CYP94-catalyzed oxidations block receptor activation and signaling. Significance: P450s inactivate fatty acid-derived signals in both plants and animals.
The fatty-acid derived plant hormone jasmonate (JA) 4 controls a wide range of chemical and morphological defense responses to arthropod herbivores, microbial pathogens and other forms of biotic stress (1, 2) . JA also plays essential roles in plant growth and development, including sexual reproduction and growth regulation (3) (4) (5) . Components of the core JA signaling module interact directly with many other phytohormone response pathways to mediate adaptive responses to changing environments (6, 7) . Most JA responses are regulated at the transcriptional level by fluctuations in the intracellular level of the bioactive form of JA, jasmonoyl-L-isoleucine (8 -10) . Despite detailed knowledge of the enzymatic steps involved in the production of JA-Ile (2, 11, 12) , relatively little is known about the enzymatic and cellular processes underlying other aspects of JA-Ile homeostasis, including JA transport and catabolism.
JA-Ile exerts its effects on gene expression by promoting degradation of Jasmonate ZIM-domain (JAZ) repressor proteins via the ubiquitin-proteasome system. In cells containing low levels of JA-Ile, the activity of transcription factors such as MYC2 that positively regulate JA-responsive genes is repressed by direct binding of JAZ proteins and associated co-repressors (13) (14) (15) . Elevated JA-Ile levels promote binding of JAZ proteins to Coronatine Insensitive1 (COI1), which is the F-box protein component of the E3 ubiquitin ligase SCF COI1 (14, 16) . Proteolytic degradation of JAZ substrates via the ubiquitin-proteasome system releases MYC2 and other transcription factors from repression, thereby leading to expression of JA-response genes.
The JA signaling module is part of a complex phytohormone network that exerts exquisite control over the allocation of metabolic resources between the competing processes of growth and defense (17) (18) (19) . Given the fitness costs associated with expression of JA-regulated defenses, which are energetically demanding and potentially toxic, plants appear to have evolved various strategies to attenuate the strength of these responses (20, 21) . Several mechanisms to reign in JA responses have recently been elucidated (22) . The rapid JA-dependent transcriptional induction of JAZ genes implies that de novo synthesized JAZ proteins exert negative feedback control (23) . Alternative splicing events that remove or weaken the COI1interacting JAZ degron provide a mechanism to produce JAZ variants that are more resistant to ubiquitin-mediated degradation, thus repressing JA responses in cells containing high JA-Ile levels (24 -26) . Similarly, some full-length JAZ proteins (e.g. JAZ8) have a non-canonical degron that does not interact with COI1 in the presence of JA-Ile (27) . These JAZs therefore accumulate and repress their target transcription factors in the presence of JA-Ile. Another mechanism of negative feedback involves JA-dependent expression of negative-acting bHLH transcription factors that compete with MYC2 for cis-regulatory elements in the promoters of JA-responsive genes (28 -31) .
Superimposed upon these transcription-based mechanisms for signal attenuation is an independent negative feedback loop involving JA-induced catabolism of JA-Ile. Two major pathways for catabolic inactivation of JA-Ile have recently been described. One pathway is catalyzed by amidohydrolases that cleave JA-Ile to jasmonic acid and Ile (32) (33) (34) . A second pathway involves oxidation of the C12 position JA-Ile to generate 12OH-JA-Ile, which is further oxidized to the carboxyl derivative 12COOH-JA-Ile (35) (36) (37) . Elucidation of this pathway was advanced by the discovery that two members (CYP94B3 and CYP94C1) of the CYP94 family of cytochromes P450 in Arabidopsis catalyze the sequential oxidation reactions (38 -40) . 12OH-JA-Ile exhibits reduced capacity to promote formation of COI1-JAZ co-receptor complexes (38) but the activity of other oxidized derivatives of the hormone remains unknown.
Here, we report the identification and characterization of CYP94B1 as a third enzyme in the -oxidation pathway for JA-Ile catabolism. Our results indicate that CYP94B1 and CYP94B3 work coordinately to catalyze the initial oxidation of JA-Ile in overlapping and distinct tissues of Arabidopsis. We also show that sequential oxidation of JA-Ile by CYP94s occurs on endoplasmic reticulum (ER), and that the 12COOH-JA-Ile product of this pathway fails to promote the formation of COI1-JAZ co-receptor complexes. Collectively, our results provide an integrated view of how ER-localized CYP94 enzymes attenuate JA signaling during stress responses.
EXPERIMENTAL PROCEDURES
Plant Material, Growth, and Treatments-Arabidopsis thaliana ecotype Col-0 was used as the wild-type (WT) for all experiments, and was grown as previously described (41) . T-DNA insertion lines cyp94b1-1 (SALK_129672) and cyp94b1-2 (SALK_132621 were obtained from the Arabidopsis Biological Resource Center. Previously described (33) ill6-1 (SALK_ 024894C) seed was provided by Dr. John Browse at Washington State University. A complete list of primers used in this study is provided in supplemental Table S1 . Nicotiana tabacum (cv Petit Havana) plants used to infiltrate Agrobacterium tumefaciens harboring constructs for subcellular localization studies were grown in a growth chamber maintained under 18 h of light (40 E m Ϫ2 s Ϫ1 ) at 23°C and 6 h of dark at 18°C.
Transgenic lines overexpressing CYP94B3 (At3g48520) were as described previously (38) . Binary vector constructs for generating CYP94B1-OE lines were made by PCR-amplifying the full-length CYP94B1 (At5g63450) open reading frame (ORF) from WT genomic DNA template using the primer pair JH3_XbaI F and JH3_XhoI R1 (supplemental Table S1 ) and ligating the resulting PCR fragment into the XbaI and XhoI sites of a modified pBI121 vector (41) , which places the gene under the control of the cauliflower mosaic virus (CaMV) 35 S promoter.
Transgenic plants expressing ␤-glucuronidase (GUS) under the control of the respective promoters were generated for the tissue-specific expression study of CYP94B1 and CYP94B3. Promoter regions 1.8 kb and 2.0 kb upstream of CYP94B1 and CYP94B3 translation initiation sites were PCR amplified from Arabidopsis (Col-0) genomic DNA using primers shown in supplemental Table S1 and were cloned in front of uidA gene (GUS) of pBI121 using ClaI and XmaI restriction sites.
The resulting 35 S:CYP94B1, CYP94B1promoter:GUS and CYP94B3promoter:GUS constructs were transformed first into A. tumefaciens strain C58C1 then to Arabidopsis by the floral dip method. T1 seeds were first screened for their antibiotic resistance on Murashige and Skoog (MS) medium containing kanamycin (50 g ml Ϫ1 ) and vancomycin (100 g ml Ϫ1 ), and upon transfer to soil, 20 lines harboring 35 S:CYP94B1 (CYP94B1-OE) were analyzed for mRNA expression of the transgene, jasmonate profile, and fertility. Among these, three CYP94B1-OE lines were propagated to obtain homozygous T3 lines. CYP94B1promoter: GUS (B1pro:GUS) and CYP94B3promoter:GUS (B3pro:GUS) lines were selected by staining 20 ϳ 24-d old rosette leaves for GUS activity after either treating with methyl jasmonate (MeJA) or mechanically wounding for 24 h. For MeJA treatment, ten microliter of 50 M MeJA was spotted onto a leaf surface divided into 4ϳ6 droplets. For wounding, one leaf per plant was crushed twice across the midrib with a hemostat. MeJA treated or wounded leaves were collected after 24 h of treatment for histochemical GUS staining. Control untreated leaves were collected prior to MeJA or wounding treatment. Wounding treatment for JA measurements was conducted on fully expanded rosette leaves of 4ϳ5-week-old plants just before bolting by wounding twice across the midrib with a hemostat (42) . At indicated times after wounding ( Fig. 2) , damaged leaves were harvested, weighed, flash frozen in liquid nitrogen, and stored at Ϫ80°C until processed for JA extraction.
Root growth inhibition assays were conducted with seedlings grown vertically on MS agar medium (0.8% sucrose) in square Petri plates supplemented with JA (10 M) or coronatine (0.1 M). Seedlings were grown for 8ϳ10 days under continuous light (100 E m Ϫ2 s Ϫ1 ) in a growth chamber maintained at 21°C.
Histochemical Staining and Microscopy-Histochemical detection of GUS activity was as described previously (43) . Images of flowers were taken with a Leica MZ16 dissecting microscope. Pollen viability was determined with the fluorescein diacetate (FDA)/propidium iodide (PI) double staining procedure (3) . Between 250 and 500 pollen grains were assessed in four independent trials for each genotype with an epifluorescence microscope (Zeiss Axiophot) (excitation at 365 nm, emission at 450 nm longpass). Green fluorescence under UV excitation emitted by de-esterified product of FDA indicates live cells whereas nonviable cells incorporate only PI, which fluoresce red orange under UV light.
For subcellular localization studies, ORFs of CYP94B3 and CYP94C1 were PCR amplified from WT genomic DNA using primer sets indicated in supplemental Table S1 and ligated into the XbaI and SalI restriction sites of the binary vector pVKH18En6-mRFP. An internal XbaI restriction site within the CYP94B3 gene was eliminated by using overlapping PCR to introduce a nonsense mutation (primers FBP-3873 and FBP-3874). Similarly, a SalI restriction site within CYP94C1 was removed using FBP-3877 and FBP-3878 primer set. The two gene constructs were transiently expressed in N. tabacum leaves by syringe-infiltrating the culture suspension of Agrobacterium strains harboring each construct. A second strain of Agrobacterium contained a construct encoding a soluble ER marker, GFP-HDEL (44) , and was co-infiltrated to test co-localization. GFP and mRFP fluorescence was analyzed with an inverted Zeiss LSM 510 Meta Confocal Microscope using microscope settings described earlier (45) .
Heterologous Expression in Yeast and In Vitro Assays-The CYP94B1 ORF was PCR amplified from WT Arabidopsis genomic DNA template using primers JH3_XmaI_F and JH3_XmaI_R (supplemental Table S1 ). Subsequent ligation into the XmaI site of yeast expression vector pYeDP60 was followed by transformation into Saccharomyces cerevisiae WAT11 strain (46) . Preparation of microsomes and in vitro hydroxylation assays were described previously (38) . Reactions were terminated by adding methanol (to 50% final concentration) containing internal standards for LC-MS/MS analysis.
In Vitro COI1-JAZ Pull-down Assays-Constructs and expression of JAZ proteins in E. coli were as previously described (25, 27) . In vitro COI1-JAZ pull-down assays were performed as previously described (25) . Ligands used in the COI1-JAZ pull-down assays were enantiomeric mixtures of chemically synthesized JA-Ile and 12COOH-JA-Ile (37) . Jasmonate Metabolite Analysis-Jasmonate extraction and analysis by LC-MS/MS was according to previously established methods (47) . Transitions from deprotonated molecules to characteristic product ions were monitored in electrospray negative mode for JA-Ile (3223130), [ 13 C 6 ]JA-Ile (3283136), 12OH-JA-Ile (3383130), and 12COOH-JA-Ile (3523130). [ 13 C 6 ]JA-Ile was used as an internal standard for the quantification of JA-Ile and its derivatives. Peak area was integrated using Masslynx software (Waters), and the analytes were quantified based on standard curves generated by comparing analyte responses to the corresponding internal standard. Peak area normalized by the internal standard [ 13 C 6 ]JA-Ile and tissue weight was used to determine the relative abundance of 12COOH-JA-Ile. The 12OH-JA-Ile was a gift from Paul Staswick (University of Nebraska, Lincoln, NE) and [ 13 C 6 ]-JA-Ile was synthesized by conjugation of (Ϯ)-JA (Sigma) to [ 13 C 6 ]-L-Ile (Cambridge Isotope Laboratories) (48) .
RNA Analysis-Total RNA from leaf tissue was extracted using TRIzol reagent (Invitrogen) according to the manufacturer's instructions. RNA blot analysis was as described previously (41) . Gene-specific probes for CYP94B1, CYP94B3, and Actin-8 (ACT8) (At1g49240) were prepared by PCR amplification from genomic DNA template using primers shown in supplemental Table S1 . Reverse transcription-PCR was used to detect CYP94B1 and CYP94B3 transcripts in cyp94b1-2cyp94b3-1 double mutant using primers indicated in supplemental Table S1 .
RESULTS
CYP94B1 Encodes a JA-Ile 12-Hydroxylase-Previous analyses of wound responses in cyp94b3 single and cyp94b3cyp94c1 double mutants suggested that additional enzymes are involved in oxidation of JA-Ile to 12OH-JA-Ile (38 -40) . Candidates for this activity include uncharacterized members of the CYP94 family, which in Arabidopsis consists of six enzymes (20) . The deduced amino acid sequence of CYP94B3 is most similar (77% identity) to that of CYP94B1, with both enzymes predicted to have the hallmark features of cytochromes P450 (49) . Consistent with the hypothesis that CYP94B1 is a JA-Ile 12-hydroxylase, the wound-inducible expression pattern of the gene (At5g63450) encoding CYP94B1 was similar to that of the CYP94B3-encoding gene (At3g48520) (38, 40) . To directly test this hypothesis, we expressed recombinant CYP94B1 in yeast (S. cerevisiae) and assayed the capacity of microsomal fractions to produce 12OH-JA-Ile from JA-Ile in vitro. Microsomes prepared from yeast cells expressing CYP94B1 produced a compound whose retention time and mass spectrum was identical to an authentic 12OH-JA-Ile standard (Fig. 1B, left panel) . Low but detectable levels of a compound corresponding to 12COOH-JA-Ile (m/z 352 Ͼ 130) were also observed in the same reaction mixture ( Fig. 1B, right panel) . Control assays performed with microsomes isolated from cells expressing the pYeDP60 empty vector lacked JA-Ile hydroxylase activity (Fig.  1B) . These results demonstrate that CYP94B1 converts JA-Ile to 12OH-JA-Ile and, to a lesser extent, 12COOH-JA-Ile in vitro.
To investigate the biochemical function of CYP94B1 in planta, we used LC-MS/MS to measure the wound-induced production of JA-Ile and its oxidized derivatives in a T-DNA insertion mutant (cyp94b1-1) that fails to express CYP94B1 transcripts (data not shown). Consistent with our previous observation (38) , the wound-induced accumulation of JA-Ile and 12OH-JA-Ile in wild-type (WT) and cyp94b1-1 plants was not significantly different (Fig. 2, A and B) . To determine whether 12-hydroxylation activity of CYP94B3 compensates for the loss of CYP94B1, we also analyzed a double mutant that lacks both cyp94b1-1 and cyp94b3-1. Wounded leaves of a cyp94b3-1 single mutant exhibited a significant reduction in 12OH-JA-Ile levels (15% of WT) and also hyper-accumulated JA-Ile (Fig. 2, A and B) , similar to previous reports (38 -40) . In the cyp94b1-1cyp94b3-1 double mutant, however, the level of 12OH-JA-Ile was further reduced to ϳ3% of WT levels (Fig.  2B ). We also observed that JA-Ile levels in wounded leaves of the double mutant were consistently higher than that in the cyp94b3-1 single mutant, although this increase was not statistically significant. These hormone profiles were reproduced in a cyp94b1-2cyp94b3-1 double mutant constructed with an independent mutant allele of cyp94b1, cyp94b1-2 (data not shown).
We also assessed the in vivo enzymatic function of CYP94B1 in transgenic lines (CYP94B1-OE) that overexpress CYP94B1 from the constitutive Cauliflower Mosaic Virus (CaMV) 35 S promoter. Of 20 independent lines (T1 generation) tested, five showed high constitutive accumulation of CYP94B1 transcripts and strongly reduced levels of JA-Ile in wounded leaves (data not shown). Side-by-side comparison of selected CYP94B1-OE lines with previously characterized CYP94B3-OE lines showed that both CYP94Bs have similar effect on wound-induced accumulation of JA-Ile and 12OH-JA-Ile. For example, the level of JA-Ile was only 10 to 20% of that in WT plants at 0.5 and 3 h post wounding (Fig. 2, C and D) . Likewise, wounded leaves of CYP94B1-OE and CYP94B3-OE plants hyperaccumulated 12OH-JA-Ile (relative to WT) at the 0.5 h time point. The levels of 12OH-JA-Ile in both lines were comparable to that in the WT leaves at the 3 h time point (Fig. 2D) , which may reflect depletion of JA-Ile substrate (38) . These collective findings show that CYP94B1 has JA-Ile 12-hydroxylase activity in vivo.
Given that recombinant CYP94B1 converts JA-Ile to 12COOH-JA-Ile in vitro, we measured 12COOH-JA-Ile levels in wounded leaves of the mutant (cyp94b1cyp94b3) and the overexpressing (CYP94B1-OE and CYP94B3-OE) lines (Fig. 2, E  and F) . The 12COOH-JA-Ile content in wounded leaves of the cyp94b1cyp94b3 line was only marginally affected, accumulating to ϳ70% of that in WT leaves 2 h and 3 h after wounding. This finding reflects the major role of CYP94C1 in formation of 12COOH-JA-Ile (40) . However, overexpression of CYP94B3 resulted in 1.5 ϳ 2.5-fold increase in 12COOH-JA-Ile compared with the WT, indicating the catalytic capacity of CYP94B3 to further oxidize 12OH-JA-Ile to 12COOH-JA-Ile (Fig. 2F ). Even though recombinant CYP94B1 converted JA-Ile to 12COOH-JA-Ile in vitro (Fig. 1B) , increased 12COOH-JA-Ile level was not observed in the CYP94B1-OE plants (Fig. 2F) .
The -Oxidation and the Hydrolytic Pathways Cooperatively Contribute to JA Homeostasis in Vivo-In addition to CYP94s, amidohydrolases previously studied for their function in auxin metabolism have been shown to metabolize JA substrates ( Fig.  1A ) (32) (33) (34) . To test how these two classes of enzymes contribute to JA metabolism, JA profiles in the single and double T-DNA insertion mutants of cyp94b3-1 and ill6-1 were compared ( Fig. 3) . JA-Ile levels were increased in wounded leaves of the cyp94b3 but not the ill6-1 single mutant (Fig. 3B) . Notably, however, JA-Ile levels in the cyp94b3ill6-1 double mutant were significantly greater than that in the cyp94b3 single mutant, indicating that both enzymes contribute to JA-Ile catabolism. We also found that the cyp94b3 and ill6-1 single mutations decreased and increased, respectively, wound-induced formation of 12OH-JA-Ile, consistent with previous reports (34, 38) . Combining the two mutations appeared to cancel these effects, such that the level of 12OH-JA-Ile in the double mutant was comparable to that in WT plants (Fig. 3D ). Similar to previous observations (34, 38, 40) , the wound-induced JA content was not affected by either mutation (Fig. 3A) . 12OH-JA levels, however, were reduced by the ill6-1 mutation, indicating that hydrolysis of 12OH-JA-Ile leads to 12OH-JA formation. 12COOH-JA-Ile levels were also significantly increased in wounded leaves of ill6-1 plants (Fig. 3E ), presumably due to increased production of its precursor, 12OH-JA-Ile.
Overexpression of CYP94B1 Results in JA-deficient Phenotypes-We next studied the physiological effects of CYP94B1 overexpression in CYP94B1-OE lines in two well-established JA-mediated physiological processes, fertility and JA-induced root growth inhibition. Five independent T1 lines expressing high levels of CYP94B1 transcripts displayed defects in fertility ( Fig. 4, panels A-C) . Unlike WT flowers, the stigma of CYP94B1-OE flowers protruded through closed petals at devel- OCTOBER 24, 2014 • VOLUME 289 • NUMBER 43
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opmental stages prior to pollination (Fig. 4B, bottom panel) . Elongated stigma papillae were also visible in the infertile flowers ( Fig. 4C, right panel) . Anther dehiscence and release of pollen grains occurred without noticeable defects but shorter anther filaments relative to the taller pistils on CYP94B1-OE flowers prevented successful pollination (Fig. 4C ). Pollen collected from CYP94B1-OE flowers was also less viable than WT pollen (40ϳ60% WT; Fig. 4D ).
In addition to reproductive phenotypes, roots of CYP94B1-OE seedlings were highly resistant to the growth inhibitory effects of exogenous JA (Fig. 4, E and F) . The extent of insensitivity to JA was not as strong in CYP94B1-OE as in coi1-1, which have completely lost responsiveness to JA (Fig. 4F ). To examine if the reduced sensitivity to JA-induced growth inhibitory effects is due to a defect in JA perception or downstream signaling events, root growth inhibition assays were performed with the bacterial toxin coronatine, which is a structural mimic of JA-Ile and potent agonist of the COI1-JAZ receptor (16, 50) . Unlike control coi1-1 seedlings that are insensitive to coronatine, growth of CYP94B1-OE roots was as sensitive to coronatine as WT roots, indicating that CYP94B1-OE seedlings pos-sess an intact COI1-JAZ signaling system (Fig. 4G ). This also suggests that coronatine is not a substrate for CYP94B1. Together, these findings demonstrate that overexpression of CYP94B1 depletes JA-Ile to attenuate JA signaling in vivo.
Tissue-specific Expression of CYP94B1 and CYP94B3-Given the finding that CYP94B1 and CYP94B3 serve a similar biochemical role in oxidation and inactivation of JA-Ile, we next addressed the question of whether the corresponding genes have similar tissue specific expression patterns. The promoter regions of CYP94B1 (1.8 kb) and CYP94B3 (2.0 kb) were fused to the ␤-glucuronidase (GUS)-encoding uidA reporter gene and the resulting constructs, designated as B1pro:GUS and B3pro:GUS, were transformed into Arabidopsis. At least 25 independent T1 lines were subject to histochemical staining with 5-bromo-4-chloro-3-indolyl ␤-glucuronic acid (X-gluc) to determine the range of expression patterns; subsequent experiments were performed with lines exhibiting a representative staining pattern (Fig. 5 ). Mature rosette leaves of B1pro:GUS and B3pro:GUS lines displayed a very low background of GUS staining prior to elicitation (Fig. 5, A and B labeled UW) . Mechanical wounding and MeJA treatment, however, induced 
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GUS expression patterns that were spatially distinct between the two lines ( Fig. 5, A-C) . Wounding activated B1pro:GUS expression mainly in the vascular regions, whereas it elicited very strong expression of the B3pro:GUS reporter throughout the leaf lamina (Fig. 5B) . MeJA treatment induced GUS expression in both reporter lines, with staining in B3pro: OCTOBER 24, 2014 • VOLUME 289 • NUMBER 43
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GUS being more intense (Fig. 5C ). GUS staining in the B3pro:GUS was more spatially restricted to the site of MeJA application, producing dark blue circles with sharply defined borders (Fig. 5C, right panel) . More prominent staining in the vascular system was observed in MeJA-treated B3pro: GUS leaves (Fig. 5C ).
GUS staining of whole seedlings and reproductive tissue also revealed differences in the spatial expression pattern of CYP94B1 and CYP94B3. In seedlings, expression of B1pro:GUS was largely restricted to the roots (Fig. 5D ), whereas B3pro:GUS was highly expressed both in the shoot and root (Fig. 5E ). In the influorescence, B3pro:GUS was expressed in younger unopened buds as well as in opened mature flowers (Fig. 5 , G and I), whereas B1pro:GUS was expressed predominantly in opened mature flowers (Fig. 5, F and H) . Within the flower, CYP94B1 was expressed in the stamen at the joint between anther and filament. CYP94B3 expression was more localized to the center of pistil. Additionally, CYP94B3 was expressed strongly at the base of the initiating lateral peduncles. Both genes were expressed in petals (Fig. 5, F-I) but neither gene appeared to be expressed in mature pollen, where some JA biosynthetic genes are expressed (3, 43) . In summary, results from these promoter-GUS studies show that CYP94B1 and CYP94B3 have both overlapping and distinct tissue-specific expression patterns.
Subcellular Localization of JA-Ile-oxidizing CYP94 Enzymes-The cytosolic location of JA-Ile-conjugation (51), together with the site of JA-Ile perception in the nucleus (52), raises the question about the site of JA-Ile inactivation.
Although many P450s reside in the ER facing the cytosolic side (49, 53) , there are examples of plant P450s that are localized to other subcellular compartments, including mitochondria (54, 55) and chloroplasts (56, 57) . We therefore determined the subcellular location of CYP94B3 and CYP94C1 by generating constructs in which the monomeric red fluorescent protein (mRFP) was fused to the C terminus of CYP94B3 and CYP94C1, designated CYP94B3-mRFP and CYP94C1-mRFP, respectively. An Agrobacterium tumefaciens co-infiltration assay (44) was used to transiently co-express these constructs in tobacco (N. tabacum) leaves along with a soluble ER localization marker fused to the green fluorescent protein (GFP-HDEL) (44) . Laser scanning confocal microscopy analyses of the CYP94B3-mRFP and CYP94C1-mRFP infiltrated leaves produced images typical of the ER network. The ER localization pattern was confirmed by the overlap of the ER marker GFP-HDEL with that of CYP94B3-mRFP and CYP94C1-mRFP (Fig.  6) . These findings indicate that the ER is the site of JA-Ile oxidative turnover by CYP94 P450s.
12COOH-JA-Ile Is Inactive in Promoting COI1-JAZ Interaction-It was previously observed that although 12OH-JA-Ile is less effective than JA-Ile in promoting COI1-JAZ interaction, this oxidized derivative maintains some activity as a receptor ligand (38) . To test whether further oxidation to 12COOH-JA-Ile has a more pronounced effect on receptor activation, we used an in vitro pull-down assay (Fig. 7A) (14, 16, 27) to compare the ability of JA-Ile and 12COOH-JA-Ile to promote the COI1 interaction with four representative JAZ substrates. As shown in Fig. 7 , JA-Ile stimulated COI1 binding to JAZ2, JAZ10, and JAZ12 in a dose-dependent manner, as previously reported (25, 27) . 12COOH-JA-Ile, however, was largely inactive in promoting COI1-JAZ interaction with all JAZs tested ( Fig. 7) . We also found that 12COOH-JA-Ile fails to promote interaction of COI1 with JAZ8 ( Fig. 7E ), which contains a non-canonical degron that binds COI1 in the presence of coronatine but not JA-Ile (27) .
DISCUSSION
Hydroxylation is commonly used in detoxification pathways to convert hydrophobic toxic chemicals into more water-soluble products to be stored away from active sites or to be excreted (58, 59) . Overactivation of JA pathway can have "toxic" effects on plants, for instance, by causing growth arrest. Multi-ple lines of evidence presented in this paper demonstrate that CYP94B1 is a JA-Ile-12-hydroxylase that participates in metabolic inactivation of the JA-Ile signal.
Recombinant CYP94B1 expressed in yeast converted JA-Ile substrate into 12OH-JA-Ile and also to lesser amounts of 12COOH-JA-Ile. Two consecutive oxidations of JA-Ile to 12COOH-JA-Ile were previously observed with CYP94B3 and CYP94C1, with major products being 12OH-JA-Ile and 12COOH-JA-Ile, respectively (38, 40) . Our results indicate that CYP94B1, like B3, acts primarily in catalysis of the first hydroxylation step. That wound-induced formation of 12OH-JA-Ile in the leaves of the cyp94b1cyp94b3 double mutant was reduced to only 3% of that in WT indicates that CYP94B1 and CYP94B3 account for ϳ 97% of the 12-hydroxylation activity in vivo. The remainder may result from combined contributions by other CYP94 subfamily enzymes such as CYP94B2 or CYP94C1. Considering the near complete depletion of 12OH-JA-Ile in wounded cyp94b1cyp94b3 leaves (Fig. 2B) , it was unexpected that the production of 12COOH-JA-Ile in this mutant was maintained at near (70%) WT levels ( Fig. 2E ). This implies that CYP94C1 can catalyze two consecutive oxidation steps using JA-Ile as substrate. On the other hand, the fact that loss of CYP94C1, which is the major enzyme for 12COOH-JA-Ile formation, results in only a ϳ50% reduction in 12COOH-JA-Ile, implies the existence of another enzyme(s) that can catalyze 12COOH-JA-Ile formation. A near-to-complete loss of 12COOH-JA-Ile in cyp94b3cyp94c1 (40) indicates that CYP94B3 is directly involved in 12COOH-JA-Ile formation in vivo, especially in the absence of CYP94C1. Increased accumulation of 12COOH-JA-Ile in CYP94B3-OE (Fig. 2F ) also supports a role for CYP94B3 in the formation of 12COOH-JA-Ile. Overexpression of CYP94B1 did not increase the level of 12COOH-JA-Ile over WT, despite its ability to phenocopy the OCTOBER 24, 2014 • VOLUME 289 • NUMBER 43 JOURNAL OF BIOLOGICAL CHEMISTRY 29735 effects of CYP94B3-OE on JA-Ile and 12OH-JA-Ile levels (Fig. 2,  D and F) . Therefore, our collective results indicate that CYP94B1 is mainly involved in the initial oxidation of JA-Ile to 12OH-JA-Ile, but that a role for this CYP94 member in metabolism of other substrates cannot be excluded.
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The decline in 12OH-JA-Ile levels in the cyp94b3cyp94c1 double mutant, in which 12OH-JA-Ile conversion to 12COOH-JA-Ile is blocked (40) , indicates pathways for 12OH-JA-Ile metabolism other than oxidization to 12COOH-JA-Ile. A recently reported O-linked glucosyl derivative of 12OH-JA-Ile (37) could potentially serve as a sink for 12OH-JA-Ile. Additionally, 12OH-JA-Ile is hydrolyzed to 12OH-JA and Ile by the IAR3 and ILL6 members of the amidohydrolase superfamily in Arabidopsis (33, 34) and homologous enzymes (JIH1) in tobacco (32) . Even though the effect of ILL6 mutation on JA-Ile level was minimal in the ill6-1 single mutant ( Fig. 3B) (34) , additional loss of CYP94B3 function created a major blockage in JA-Ile turnover and, consequently, a massive accumulation of JA-Ile in the cyp94b3ill6-1 double mutant. Together with the reported in vitro hydrolytic activity (33, 34) , this genetic evidence confirms the function of ILL6 in JA-Ile turnover in vivo. It remains to be determined whether the '-oxidation' and the hydrolysis pathways catalyzed by CYP94s and amidohydrolases, respectively, are solely responsible for JA-Ile catabolism, or whether additional pathways are involved (e.g. methylation). Higher order knock-out mutants defective in multiple CYP94s and amidohydrolases will help answer this question.
Strong JA-deficient phenotypes created by overexpressing CYP94B1 indicates that increased flux through -oxidation leads to deactivation of JA signaling, implying that the oxidized products are inactive in inducing JA responses. Our previous study showed that 12OH-JA-Ile is significantly reduced in its ability to promote interaction between COI1 and JAZs but retains some activity (38) . Therefore, we could not exclude the possibility that 12OH-JA-Ile associates with the receptor in vivo. We show here that 12COOH-JA-Ile is essentially inactive in promoting COI1 interaction with a broad range of JAZ substrates, indicating that consecutive oxidation of JA-Ile to 12COOH-JA-Ile is an effective means to terminate signaling ( Fig. 7) . Additional modifications to the C12 hydroxy group, such as sulfation or glucosylation, may also inhibit COI1-JAZ complex-promoting activity by restricting entry of the ligand into the binding pocket of COI1 (50) . Additional structural studies are needed to better understand how modification of JA-Ile by CYP94 P450s and other enzymes affect ligand interaction with the COI1-JAZ co-receptor system.
In addition to the compromised receptor binding capacity, altered physical properties (e.g. polarity) may play role in the loss of signaling activity by oxidized JA-Ile derivatives, for example by changing their subcellular partitioning. The subcellular distribution of various JA derivatives is not well understood. Our subcellular localization of CYP94B3 and CYP94C1 demonstrates the ER as the major site for JA-Ile oxidation. Given the established topology of many P450s in ER membranes (49, 53) , we presume that the CYP94 N terminus is imbedded in the ER with the enzyme's active site facing the cytosol. Even though CYP94B1 was not tested for its subcellular location, the similarities of this isoform with CYP94B3 suggest that it also localizes to the ER. It is plausible that JA metabolites are rapidly exchanged between the nucleus and the ER through lateral diffusion in the ER membrane, which forms a continuum with the outer membrane of the nuclear envelope (60) . The molecular organization of JA-metabolizing enzymes and metabolites in multiple subcellular compartments needs further investigation. Given the known biological activities of some oxidized-and glucosylated JAs (61, 62) , it is also possible that these JA-Ile derivatives may have molecular targets other than the COI1.
The promoter-GUS reporters of CYP94B1 and CYP94B3 revealed their tissue specific expression patterns. Notable differences in the expression pattern of these two genes include: i) in reproductive organs where CYP94B1 was strongly expressed (e.g. upper anther filament), CYP94B3 expression was not detected; ii) in wounded leaves where CYP94B1 expression was strongest (e.g. in vascular tissues), expression of CYP94B3 was more evenly dispersed in all cell types; and iii) in seedlings where CYP94B1 expression was largely restricted to the roots. In the inflorescence stems, CYP94B3 was also strongly expressed at the base of the initiating lateral peduncles, reminiscent of the expression of lateral organ boundaries (LOB) gene, recently shown to function in defining organ boundaries through interplay with brassinosteroids (63) .
The combined effects of the hydrolysis pathway catalyzed by amidohydrolases and the -oxidation pathway catalyzed by CYP94s represent an evolutionarily conserved mechanism to maintain optimal levels of the potent JA-Ile signal. At least 70 CYP94-like sequences have been reported in sequenced plant genomes (20) . The vast majority of these have not been characterized (59, 64) but based on function of Arabidopsis CYP94s, many of them are expected to be involved in metabolism of JAs. Likewise, although auxin amidohydrolases have been characterized in only a handful of plant species (65, 66) , their related sequences have been reported from many plant species (67) . In addition to their conservation across higher plants, tight coregulation of these pathways (33, 34, 38, 40) implies selection pressure to limit the production of JA-Ile and thereby attenuate the strength of JA responses. Reverse genetic approaches aimed at blocking all catabolic steps may be useful to elucidate those essential functions of JA-Ile catabolism. Attenuation of the JA signal depends also on other mechanisms, including negative transcriptional control of JA responses that are also tightly coregulated with JA-regulated genes (24, 25, 27, 28) . Additional studies are needed to understand how the concerted action of these various negative feedback loops restrains JA-responses and impacts plant growth under various stress conditions.
